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ABSTRACT
Skeletal muscle, at 30 to 40% of bodymass, is the most abundant soft tissue in the body. Besides its primary function in move-
ment and posture, skeletal muscle is a significant innate immune organ with the capacity to produce cytokines and chemokines
and respond to proinflammatory cytokines. Little is known about the role of skeletal muscle during systemic influenza A virus
infection in any host and particularly avian species. Here we used primary chicken and duckmultinucleated myotubes to exam-
ine their susceptibility and innate immune response to influenza virus infections. Both chicken and duckmyotubes expressed
avian and human sialic acid receptors and were readily susceptible to low-pathogenicity (H2N3 A/mallard duck/England/7277/
06) and high-pathogenicity (H5N1 A/turkey/England/50-92/91 and H5N1 A/turkey/Turkey/1/05) avian and humanH1N1 (A/
USSR/77) influenza viruses. Both avian host species produced comparable levels of progeny H5N1 A/turkey/Turkey/1/05 virus.
Notably, the rapid accumulation of viral nucleoprotein andmatrix (M) gene RNA in chicken and duckmyotubes was accompa-
nied by extensive cytopathic damage with markedmyotube apoptosis (widespreadmicroscopic blebs, caspase 3/7 activation, and
annexin V binding at the plasmamembrane). Infected chickenmyotubes produced significantly higher levels of proinflamma-
tory cytokines than did the corresponding duck cells. Additionally, in chickenmyotubes infected with H5N1 viruses, the induc-
tion of interferon beta (IFN-) and IFN-inducible genes, including the melanoma differentiation-associated protein 5 (MDA-5)
gene, was relatively weak compared to infection with the corresponding H2N3 virus. Our findings highlight that avian skeletal
muscle fibers are capable of productive influenza virus replication and are a potential tissue source of infection.
IMPORTANCE
Infection with high-pathogenicity H5N1 viruses in ducks is often asymptomatic, and skeletal muscle from such birds could be a
source of infection of humans and animals. Little is known about the ability of influenza A viruses to replicate in avian skeletal
muscle fibers. We show here that cultured chicken and duckmyotubes were highly susceptible to infection with both low- and
high-pathogenicity avian influenza viruses. Infected myotubes of both avian species displayed rapid virus accumulation, apopto-
sis, and extensive cellular damage. Our results indicate that avian skeletal muscle fibers of chicken and duck could be significant
contributors to progeny production of highly pathogenic H5N1 viruses.
In 1997, the first case of highly pathogenic avian influenza(HPAI) H5N1 virus transmission from poultry to humans was
documented in Hong Kong (1). Despite extensive culling of poul-
try at the time, genetically related Eurasian HPAI H5N1 viruses
emerged some years later (2), and since 2005, they have become
panzootic in domestic poultry and wild birds in countries in three
different continents (3–5). Classical Eurasian HPAI H5N1 viruses
circulating before the contemporary EurasianHPAIH5N1 viruses
produced few or no clinical signs in ducks (6–9). While some
strains of contemporary Eurasian HPAI H5N1 viruses are able to
kill juvenile ducks (10, 11), other strains remain nonlethal to
ducks (12, 13). Epidemiologically, domestic ducks are believed
to contribute to themaintenance ofHPAIH5N1 viruses in eastern
Asia (14, 15) and to be sources of outbreaks in susceptible poultry
(16, 17). In contrast, classical and contemporary Eurasian HPAI
H5N1 viruses in chickens are highly lethal, killing up to 100% of
the animals within a few days of infection (13, 18).
The striking contrast in clinical outcomes between ducks and
chickens observed within days of infection suggests that there are
host species-specific differences in innate immunity. There are few
reported studies that compare the responses of different avian
host species to the same avian influenza virus infection in vitro
(19–21), in part due to the limited methodology available for the
isolation of different types of primary avian cells. Primary avian
skeletal muscle cells are a significant cell type for studying the
avian host response to influenza virus infection for several rea-
sons. (i) Although there ismostly no viral spread to skeletalmuscle
in chickens infected with low-pathogenicity avian influenza
(LPAI) viruses (22, 23), withHPAIH5N1 viruses, recovery of viral
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proteins, RNA, and, more importantly, live virus from muscle of
experimentally infected chickens (23–25) and of naturally and
experimentally infected ducks has been reported (10, 26, 27). (ii)
Skeletalmuscle is the largest soft tissue type in poultry. Combined,
deboned thigh, deboned drumstick, and breast meat represent
35% and 16% of the total live weight of adult broiler chickens and
ducks, respectively (Cherry Valley Farms Ltd., personal commu-
nication). Skeletal muscle therefore represents a major site for
virus deposition following systemic spread of the virus (viremia).
(iii) Epidemiologically, skeletal muscle can play a role in the
spread of avian influenza viruses. Chickens fedHPAIH5N1 virus-
contaminated chicken meat succumbed to rapid infection and
death (23). Moreover, meat from apparently healthy ducks served
as a direct route of infection of HPAI H5N1 virus to humans who
handle meat as well as those who consume it (25, 27). (iv) Muscle
is considered a major innate immune tissue/organ. It has the ca-
pacity to produce cytokines and chemokines (28, 29) and respond
to proinflammatory cytokines (30). (v) Lastly, skeletal myofibers
(myotubes) are different from other cell types in that they are
postmitoticmultinucleated cells wherein hundreds of nuclei share
a syncytium, and importantly, unlike many other RNA viruses,
the influenza virus genome replicates in the nucleus of infected
cells rather than in the cytoplasm.The rich concentration of nuclei
within a fiber syncytium could conceivably facilitate virus replica-
tion, leading to increased virion assembly and release from in-
fected cells. However, to date, the dynamics of influenza virus
replication in postmitoticmultinucleatedmuscle fibers are poorly
understood.We report here a comparative study of the host innate
immune responses of primary chicken and duck skeletal muscle
cells to influenza virus infection. We found that both chicken and
duck myotubes are highly susceptible to avian influenza virus in-
fections and subsequently undergo extensive apoptosis. Addition-
ally, there are significant the differences in the host innate re-
sponses between myotubes of chicken and those of duck,
consistent with their relative susceptibility to influenza virus in-
fection.
MATERIALS AND METHODS
Primary chicken and duck muscle cells andMDCK cells. Primary mus-
cle satellite cells from 4- to 6-week-old Pekin ducks (Anas platyrhynchos),
from Cherry Valley Farms UK, and 4- to 6-week-old broiler chickens
(Gallus gallus) (ROSS 308 strain), from P. D. Hook Hatcheries, Thirsk,
United Kingdom, were isolated as previously described (31). All animals
were euthanized by the administration of pentobarbital in accordance
with Schedule 1 of the Animals (Scientific Procedures) Act of 1986. Mus-
cle satellite cells were grown as myoblasts and differentiated into multi-
nucleated myotubes by using Dulbecco’s modified Eagle’s medium
(DMEM)-Glutamax I (high glucose) (Invitrogen) with 10% horse serum,
4% chicken embryo extract (Egg Technologies), and 1% penicillin-strep-
tomycin (P/S). For each avian species, primary muscle satellite cells were
pooled from several animals for infection studies. The culture flasks used
were coated with 1% type I collagen from rat tail (Sigma) diluted in sterile
water. Following isolation from pectoral muscles, all cells were subjected
to a maximum of two passages (trypsinization), after which (unfused)
myoblasts were frozen in 90% horse serum (HS) and 10% dimethyl sul-
foxide and stored in liquid nitrogen. For experiments requiringmyotubes,
myoblasts were seeded and allowed to proliferate and differentiate in cul-
ture for several days for maximal fusion into myotubes. Approximately
65% of avianmuscle cells routinely fused into postmitoticmyotubes (31).
Madin-Darby canine kidney (MDCK) cells (ATCC CCL-34) were cul-
tured by using DMEM-Glutamax I (high glucose) with 10% fetal calf
serum and 1% P/S.
Virus infection and detection. A LPAI H2N3 virus (A/mallard duck/
England/7277/06); two HPAI H5N1 viruses, A/turkey/England/50-92/91
and A/turkey/Turkey/1/05, referred to as HPAI H5N1 50-92 and HPAI
H5N1 tyTy05, respectively; and a human H1N1 (A/USSR/77) virus were
used in this study.HPAIH5N1 50-92 virus is from the “classical” Eurasian
lineage of H5 viruses and causes high rates of mortality in chickens but no
mortality in ducks (9). HPAI H5N1 tyTy05 virus, a contemporary Eur-
asian H5N1 virus (clade 2.2) associated with the global panzootic out-
break, can cause deaths in juvenile ducks (10). All viruses were grown by
allantoic inoculation of 10-day-old embryonated chicken eggs. All HPAI
H5N1 virus infection work was carried out in the Advisory Committee on
Dangerous Pathogens biological containment level 3 (ACDP CL3)/Spec-
ified Animal Pathogens Order 1998 containment level 4 (SAPO4) facility
at the Animal and Plant Health Agency, Weybridge.
Myoblasts or myotubes were washed once with phosphate-buffered
saline (PBS) and infected in serum-free infectionmedium (DMEM–F-12;
Invitrogen) supplemented with 2% Ultroser G (Pall Corporation), 1%
P/S, 1% insulin-transferrin-selenium (Invitrogen), and 500 ng/ml L-1-
tosylamide-2-phenylethyl chloromethyl ketone (TPCK) trypsin. After 2 h
of virus incubation at the specified multiplicity of infection (MOI), based
on virus titration (focus-forming assay) onMDCK cells by immunocyto-
chemical detection of viral NP protein at 6 h of infection, the infection
medium was removed, and cells were carefully washed twice with warm
PBS, followed by replenishment with fresh infectionmedium for a further
period of incubation as specified in each experiment.
Cells were processed and immunolabeled by using an EnVision sys-
tem-HRP (DAB) kit (Dako), as previously described (20, 31). Briefly, cells
were fixed in acetone-methanol for 10min, followed by a 10-min incuba-
tion with peroxidase block solution and incubation for 40 min with a
mouse monoclonal (AA5H) antibody against viral nucleoprotein (Ab-
cam) at 1 g/ml. The cells were then rinsed with Tris-buffered saline
(TBS) and incubated with a horseradish peroxidase-labeled polymer for
40min. After further rinsing with TBS, the cells were incubated with DAB
substrate for 6 min, washed with TBS, and counterstained with Harris’
hematoxylin.
Additionally, viruses were titrated in MDCK cells to determine the
median tissue culture infectious dose (TCID50) (32). In brief, superna-
tants were used to infectMDCK cell monolayers in 96-well plates. MDCK
cells were washed free of serum present in the maintenance medium by
using serum-free DMEM. Half-log dilutions of the supernatants were
made across the plate, using four rows per sample. The virus was allowed
to adsorb for 1 h at 37°C before the inoculum was removed and replaced
with DMEM supplemented with L-glutamine and P/S. Plates were incu-
bated for 3 days at 37°C with 5% CO2. Supernatants were then removed,
and the presence of replicating virus was identified by using crystal violet
(Sigma) staining to identify intact cell monolayers (no virus) versus non-
intact cell monolayers (virus present). TCID50 values per ml of superna-
tant were calculated by using the Spearman-Kärber formula (33).
Metabolic and caspase 3/7 assays. Primary chicken and duck muscle
cells were seeded onto 96-well culture plates (5,000 cells per well) and
cultured for several days until myotubes were well formed. Themetabolic
activity ofmuscle cells at 24 h postinfection (p.i.) was determined by using
CellTiter 96 (Promega), a nonradioactive cell proliferation assay which is
a modification of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) reduction assay. Activated caspases 3 and 7 in mus-
cle cells were quantified at different times of infection by using a Caspase-
Glo 3/7 assay kit (Promega).
AnnexinVandpropidium iodide detection.Phosphatidylserine (PS)
translocation and membrane integrity were monitored with the use of an
annexin V-enhanced green fluorescent protein (EGFP) apoptosis detec-
tion kit (Source Bioscience). Live cells (not fixed) were incubated for 5
min in the dark with annexin V-EGFP and propidium iodide (PI), fol-
lowed by visualization with a fluorescence microscope (DFC490; Leica).
Quantitative real-timePCR.Total RNAwas isolated fromcells grown
in 12-well plates by using an RNeasy Plus minikit (Qiagen). Cells were
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homogenizedwith aQIAshredder homogenizer (Qiagen), followed by the
removal of genomic DNA (gDNA) using a gDNA eliminator column.
Each cDNA synthesis reaction was performed with 1 g of total RNA by
using a SuperScript III first-strand synthesis kit (Invitrogen).
Real-time PCR was performed by using SYBR green I and TaqMan
chemistries. Primers and TaqMan probes for chicken and duck interferon
alpha (IFN-), chicken and duck interleukin 6 (IL-6), chicken and duck
interleukin 8 (IL-8), and duck tumor necrosis factor alpha (TNF-) were
designed with Primer Express version 2.0 (Applied Biosystems), based on
previously reported sequences (Table 1). Owing to the absence of a con-
ventionally recognized TNF- gene sequence in chicken, a lipopolysac-
charide-induced TNF- factor (LITAF) gene sequence was used in its
place. The primers and probe for the chicken 2=,5=-oligoadenylate synthe-
tase (2=,5=-OAS) gene (A, B, and like forms) were designedwith the Roche
online Universal Probe Library (UPL) Assay Design Center. Primers for
chicken IFN-, described previously (34), were used with SYBR green I
chemistry. Primers and probes for the chicken Mx1 gene, the chicken
protein kinase R (PKR) gene, and duck retinoic acid-inducible gene 1
(RIG-I) (35); chicken melanoma differentiation-associated gene 5
(MDA-5) (36); the viralM gene (37); and the chicken 18S rRNA gene (38)
were synthesized as previously described. The conditions for quantitative
PCR (qPCR) using TaqMan and UPL probes were 10 min at 95°C fol-
lowed by 45 cycles of 95°C for 15 s, 60°C for 1 min, and 72°C for 1 s,
followed by cooling for 10 s at 4°C. The cycling program for qPCR using
SYBR green Iwas a 5-min preincubation step at 95°C followed by 45 cycles
of 95°C for 30 s, 60°C for 30 s, and 72°C for 10 s. At the end of the PCR
cycles, a melting curve analysis was performed to ascertain a single ampli-
fication product. Each cDNA sample was amplified in triplicate, and the
mean values were calculated for each gene. mRNA levels were normalized
to the 18S rRNA gene and expressed as fold changes relative to mock-
infected cells at each p.i. time point. The mean fold change for each gene
was determined from three biological replicates. The sequences and
probes used in this study are presented in Table 1.
One-step quantitative reverse transcription-PCR of viral RNA in
culture supernatants. Viral RNA from culture supernatants was ex-
tracted by using a High Pure viral RNA kit (Roche). A one-step reverse
transcription-PCR (RT-PCR) assay using influenza virus M gene-specific
primers and probe was performed as previously described (37, 39).
Threshold cycle (Cp) values were converted to viral gene copy numbers by
a standard curve generated using in vitro-transcribed viral RNA. In order
TABLE 1 Sequences of primers and probes used for quantitative real-time PCR
Gene Primer or probea Sequence (5=¡3=) or description GenBank accession no.
18S rRNA F TGTGCCGCTAGAGGTGAAATT AF173612.1
R TGGCAAATGCTTTCGCTTT
P TTGGACCGGCGCAAGACGAAC
Chicken TNF--like factor
(LITAF)
F CCCTTCTGAGGCATTTGGAA AY765397
R CAGCCTGCAAATTTTGTCTTCTT
P AGCCCACTCCCGAACGCTG
Chicken IFN- F CTTCCTCCAAGACAACGATTACAG EU367971
R AGGAACCAGGCACGAGCTT
P CCTGCGCCTGGGAACACGTCC
Chicken IL-6 F CACGATCCGGCAGATGGT EU170468
R TGGGCGGCCGAGTCT
P ATAAATCCCGATGAAGTGGTCATCC
Chicken 2=,5=-OAS F GGTGCTCTTCATCAACTGCTT NM_204609.1
R CTCGATGATGGCGAGGAT
P UPL probe15
Chicken IL-8 F CCCTCGCCACAGAACCAA NM_205018.1
R CAGCCTTGCCCATCATCTTT
P CCCAGGTGACACCCGGAAGAAACA
Duck TNF- F GCCAACAAATAACCCCGTTACA EU375296
R CTGGGCGGTCATAAAATACCA
P CAGGTTGCTGCACATACACCGTCTGAA
Duck IFN- F AACCAGCTTCAGCACCACATC DQ861429
R TGTGGTTCTGGAGGAAGTGTTG
P TGCTTCCCAGCCGACGCC
Duck IL-6 F CCAAGGTGACGGAGGAAGAC AB191038
R TGGAGAGTTTCTTCAAGCATTTCTC
P TGTCTCCTGGCTGGCTTCGACGA
Duck IL-8 F AGCCTGGTAAGGATGGGAAAC AB236334.1
R GGGTGGATGAACTTCGAGTGA
P AGCTCCGGTGCCAGTGCATAAGCA
a F, forward primer; R, reverse primer; P, probe.
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to take into account residual virus inoculum after the PBS washes, super-
natants were collected from each well (0-h time point), and M gene RNA
was quantified by RT-PCR. The signal obtained at 0 h was then subtracted
from the corresponding 12- and 24-h signals. Supernatants collected from
the two time points were made from two series of culture wells. Reverse
transcription for cDNA synthesis was performed at 50°C for 15 min. PCR
amplification consisted of an initial preincubation step at 95°C for 2 min
followed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 1 s.
Lectin cytochemistry. Chicken and duck muscle cells were grown on
24-well Nunclon flat-bottom plates (Nunc), as they did not proliferate
well on glass coverslips. Lectin labeling was performed as previously de-
scribed (40). Cells were fixed with 4% paraformaldehyde in PBS for 10
min at room temperature. Endogenous biotin activity was blocked by the
use of a streptavidin/biotin blocking kit (Vector Laboratories). Cells were
then incubated overnight at 4°C in the dark with fluorescein isothiocya-
nate (FITC)-labeled Sambucus nigra agglutinin (SNA) lectin (human
-2,6-linked sialic acid receptor binding) and biotinylatedMaackia amu-
rensis agglutinin II (MAA II) lectin (avian-2,3-linked sialic acid receptor
binding) (Vector Laboratories), both at 10 g/ml. Subsequently, the
cells were washed three times with TBS and incubated for 2 h at room
temperature with a streptavidin-Alexa Fluor 594 conjugate (Invitro-
gen). Cells were washed again three times with TBS and mounted with
ProLong Gold antifade reagent with 4=,6= diamidino-2-phenylindole
(DAPI) (Invitrogen). Negative controls were processed without the
use of lectin.
RESULTS
Influenza virus-infected chicken and duck myotubes but not
myoblasts progressively accumulate viral NP. We recently re-
ported a simple but effective method for the isolation of muscle
satellite cells from several avian and mammalian species, includ-
ing chicken and duck (31). Differentiated chicken and duck myo-
tubes were infected with a LPAI H2N3 virus at a MOI of 0.1.
Chicken and duck myotube cultures were spatially monitored for
viral NP by immunocytochemistry at 6 h, 12 h, and 24 h p.i. (Fig.
1). At 6 h p.i., NP was detected in virtually all myotubes, but only
a small proportion of myoblasts appeared to be infected. NP
strongly accumulated in the nuclei and, to a lesser degree, in the
sarcoplasm of infected chicken (Fig. 1A and A=) and duck (Fig. 1D
toD) myotubes. At 12 h p.i., viral NP becamemore intense in the
sarcoplasm of chicken (Fig. 1B and B=) and duck (Fig. 1E and E=)
myotubes, but infected nuclei remained strongly labeled for NP.
By 24 h p.i., widespread myotube detachment from most of the
culture surface had occurred. The remaining chicken (Fig. 1C and
C=) and duck (Fig. 1F and F=) myotubes appeared to accumulate
even more viral NP. The difference in infection patterns between
myotubes and myoblasts of both avian species was also seen with
the humanH1N1 virus (A/USSR/77) at aMOI of 0.1 (Fig. 1G and
H, respectively). Myoblasts, however, were not completely resis-
tant to influenza virus infection; with LPAI H2N3 virus at a MOI
of 1.0, bothmyotubes andmyoblasts from chicken and duck were
comparably labeled for viral NP (Fig. 1I and J, respectively). In
summary, avian myotubes appeared highly susceptible to influ-
enza virus infection.
Infected myotubes show greater accumulation of virus M
geneRNA thando the correspondingmyoblasts orMDCKcells.
The intracellular and extracellular accumulation of viral M gene
RNA was determined in duck myotube, duck myoblast, and
MDCK cell cultures infected with LPAI H2N3 virus at a MOI of
0.1. At 6 h, 12 h, and 24 h p.i., duck myotubes produced signifi-
cantly higher levels(P 0.005) of intracellular viral M gene RNA
than did similarly infected myoblasts and MDCK cells (Fig. 2A).
Similar results were obtained with the corresponding chicken
myotubes (data not shown). Viral M gene RNA in culture super-
natants of duck myotubes at 24 h p.i., as assessed by one-step
reverse transcription real-time PCR, was significantly more abun-
dant than in the other two cell types (Fig. 2B). Taken together,
these results suggest that the viral replication rate was higher in
avian myotubes than in mononuclear cells. Since myoblasts and
myotubes from both avian species as well as MDCK cells ex-
pressed both the human and avian influenza receptor types (-
2,6-linked sialic acid and -2,3-linked sialic acid, respectively)
(Fig. 2C), it is likely that the observed relatively high viral expres-
sion levels of M gene RNA and NP protein in myotubes were not
due to differences in the early stages of virus receptor binding and
virus entry.
Avian influenza virus-infected chicken and duck myotubes
show comparable progeny virus outputs and similar reductions
in cell viability. Chicken and duck myotubes were infected with
three different avian influenza viruses (LPAI H2N3, HPAI H5N1
50-92, andHPAIH5N1 tyTy05) at aMOI of 1.0 over a period of 24
h. Viral M gene RNA accumulation, normalized to 18S rRNA, in
duck myotubes was consistently higher than that in the corre-
sponding chicken myotubes for all three viruses (Fig. 3A); a sim-
ilar relative difference in M gene expression was also found for
influenza virus-infected duck and chicken primary fibroblasts
(our unpublished data). However, both chicken and duck myo-
tubes infected with H5N1 tyTy05 virus at a MOI of 1.0 produced
comparable increasing levels of progeny virus from 8 to 24 h of
infection (Fig. 3A). MTT assays to determine the resulting met-
abolic rates (cell viability) at 24 h p.i. showed similar reduc-
tions in infected chicken and infected duck myotubes (Fig. 3B).
Therefore, infected chicken and duckmyotubes showed similar
reductions in cell viability and were comparably permissive to
the production of viable H5N1 tyTy05 progeny virus.
Influenza virus-infected chicken and duck myotubes show
extensive cytopathic damage. Differentiated chicken and duck
myotubes were infected with a LPAI H2N3 virus at a MOI of 1.0.
Uninfected control chicken and duck cultures typically displayed
extensive swirls of myotubes immunopositive for muscle-specific
intermediate desmin filaments (Fig. 4A and E, respectively). At 24
h p.i., severe cytopathic damage was evident, with widespread
rounding or detachment of chicken and duck myotubes (Fig. 4B
and F, respectively). There were numerous sarcoplasmic blebs,
which appeared as small membrane-lined vesicles associated with
degenerating myotubes (Fig. 4C to D= and G to H=, respectively).
These blebs appeared to be apoptotic bodies, a feature well recog-
nized in other cell types but not previously observed in myotubes
undergoing apoptosis in vitro (41, 42). Concentrations of viral NP
colocalized with sarcoplasmic blebs in both infected chicken and
duckmyotubes (Fig. 4D andD= andH andH=, respectively). Sim-
ilar cytopathic changes were observed in chicken and duck myo-
tubes infected withHPAIH5N1 50-92 virus (Fig. 4J and L, respec-
tively). To further examine the cytopathic changes in chicken and
duckmyotubes infected with LPAIH2N3 virus at aMOI of 1.0 for
24 h, PS membrane translocation (apoptotic change) was local-
ized by annexin V-EGFP binding, visualized as green fluorescence
(Fig. 4M to P). Some annexin V-EGFP-positive cells had lost their
membrane integrity, as demonstrated by the uptake of the red
nuclear fluorochrome PI, indicating late apoptosis or even necro-
sis. PI-labeledmyonuclei showed chromatin condensation and/or
fragmentation in chicken and duck myotubes (Fig. 4M and N,
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respectively). Similar apoptotic changes were also detected in in-
fected chicken and duck myoblasts (Fig. 4O and P, respectively).
Both chicken and duck myotube cultures displayed similar and
significant activation of caspases 3 and 7 at 24 h and 48 h after
infection (Fig. 4Q and Q=). In summary, extensive and severe
chicken and duck myotube damage from LPAI and HPAI virus
infections was accompanied by clear hallmarks of apoptosis and
evidence of necrosis.
Chicken myotubes display more vigorous cytokine re-
sponses to avian influenza virus infection than do duck myo-
tubes. Following the findings of extensive cell death associated
with prominent apoptotic changes in infected chicken and duck
FIG1 Infected chicken and duckmyotubes but notmyoblasts show progressive accumulation of viral NP. (A to A andD toD=) At 6 h p.i. with LPAIH2N3 virus
at a MOI of 0.1, almost all chicken and duck myotubes but only a fewmyoblasts were immunopositive for viral NP (brown). (B, B=, E, and E=) At 12 h p.i., more
viral NP accumulated in chicken and duck myotubes, as evident by the intensity of NP detection. (C, C=, F, and F=) By 24 h p.i., the remaining attached chicken
and duck myotubes showed even more intense NP expression, while few myoblasts were infected (C=, arrows). All cells were immunolabeled at the same time;
differences in the intensity of labeling indicate different amounts of intracellular NP. Cells were counterstained with Harris’ hematoxylin to visualize nuclei. (G
and H) A similar NP expression outcome with human H1N1 (A/USSR/77) virus at a MOI of 0.1 was found for chicken and duck myotubes (data from 6 h p.i.
are shown). (I and J) At a higherMOI of 1.0 with LPAIH2N3 virus, chicken and duckmyotubes andmyoblasts (arrows) showed comparable viral NP expression
levels (data from 6 h p.i. are shown).
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myotubes, we examined the expression of IFN- and the proin-
flammatory cytokines TNF-, IL-6, and IL-8 in these infected cells
(MOI of 1.0 over 24 h). The IFN- gene transcript was strongly
upregulated (	40-fold increase) in differentiated chicken muscle
cells at 24 h p.i. with LPAI H2N3 virus (Fig. 5A). Additionally,
levels of the proinflammatory cytokines LITAF (TNF-), IL-6,
and IL-8 were clearly upregulated at 12 h and 24 h p.i. in chicken
muscle cells. In contrast, the corresponding duckmuscle cells dis-
FIG2 Infectedduckmyotubes showhigher levels of accumulationof virusMgeneRNAthando the correspondingmyoblasts orMDCKcells. (A)Duckmyotube, duck
myoblast, andMDCK cell cultures were infectedwith LPAIH2N3 virus at aMOI of 0.1. Duckmyotubes had significantly (P 0.005) higher levels of intracellular viral
M gene RNA (normalized to the 18S RNA gene) than didmyoblasts andMDCK cells at 6 h, 12 h, and 24 h of infection. (B) Duckmyotubes also accumulated themost
viral M gene RNA in culture supernatants by 24 h of infection. Results show the means of data from three biological replicates, with error bars indicating standard
deviations. One-way analysis of variance followed by Tukey’s multiple-comparison test was used (**, P 0.005). (C) Chicken and duck muscle cells (myotubes and
myoblasts) andMDCK cells coexpressed avian and human sialic acid receptor types. The human-2,6-linked sialic acid receptor (green) and avian -2,3-linked sialic
acid receptor (red) were detected with Sambucus nigra agglutinin (SNA) and Maackia amurensis agglutinin II (MAA II) lectins, respectively. Nuclei were
counterstained by using DAPI (blue). Merged and individual fluorescent images show extensive expression of both receptors in all three cell types.
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played only a modest induction of IFN-, IL-6, and IL-8 and a
progressive downregulation of TNF- (Fig. 5B). Next, chicken
myotubes were infected with HPAI H5N1 50-92 virus at an MOI
of 1.0. Unexpectedly, this HPAI virus elicited a less vigorous cyto-
kine response than did the LPAI H2N3 virus; in particular, the
level of IFN- induction was 10-fold at 24 h p.i. (Fig. 5C). In
duck myotubes, HPAI H5N1 50-92 virus infection also induced a
weak cytokine response, with a notable downregulation of TNF-
at 24 h p.i. (Fig. 5D). Chickenmyotubes infectedwithHPAIH5N1
tyTy05 virus did not exceed 10-fold IFN- induction at 24 h p.i.
(Fig. 5E). Among the four proinflammatory cytokines, IL-8 was
most strongly induced (40-fold increase). Duck myotubes in-
fected with the same high-pathogenicity virus displayed a weak
proinflammatory response, with downregulation of TNF- and
IL-6 at 24 h of infection. Duck IFN- showed a 25-fold induction
(Fig. 5F). On the whole, chicken myotubes appeared to be more
proinflammatory in response to LPAI and HPAI viruses than did
the corresponding duck myotubes.
We further examined the expression of duck RIG-I, a key cy-
toplasmic pattern recognition receptor (PRR) believed to play a
key role in the innate resistance of ducks but which is absent in
chickens (35). Infection of duck myotubes with LPAI H2N3 and
HPAI H5N1 50-92 viruses, which do not usually cause clinical
disease in ducks, resulted in a small induction of RIG-I. HPAI
H5N1 tyTy05 virus infection in duckmuscle cells, which in vivo is
lethal to juvenile ducks (10), downregulated RIG-I expression
(Fig. 5G).
LPAIH2N3virus induces amore vigorous antiviral response
than do HPAI H5N1 viruses in chicken myotubes. We next fo-
cused on the expression of the chicken IFN- gene and three in-
terferon-inducible genes, Mx1, 2=,5=-OAS, and PKR, which are all
known to have antiviral activity against influenza A virus.We also
quantified the expression level of MDA-5, a previously identified
PRR of influenza virus in chicken cells (43). Chicken myotubes at
6 h p.i. with LPAI H2N3 (MOI of 1.0) showed a 75-fold induction
of IFN- transcription (Fig. 6A). The level of production of IFN-
peaked at 12 h p.i. (	685-fold increase) and remained high at 24 h
p.i. (	555-fold). IFN- induction correlated with the upregula-
tion of the MDA-5, Mx1, 2=,5-OAS, and PKR genes. Notably, the
Mx1 gene was highly upregulated during early infection. Mx1
gene expression showed	530-fold,	930-fold, and	5,000-fold
increases at 6 h, 12 h, and 24 h p.i., respectively. The 2=,5=-OAS
gene was also strongly upregulated, reaching an 	400-fold in-
crease at 24 h of infection. In contrast, chicken cells infected with
HPAI H5N1 50-92 (Fig. 6B) and HPAI H5N1 tyTy05 (Fig. 6C)
viruses (both at a MOI of 1.0), showed relatively modest IFN-
induction, with a20-fold increase. Lower-level IFN- induction
was accompanied by the downregulation of the MDA-5 and PKR
genes and much weaker Mx1 and 2=,5=-OAS gene responses at 24
h p.i. than with the corresponding LPAI H2N3 virus infection.
Collectively, chicken myotubes appeared to mount a more robust
antiviral response to LPAI H2N3 virus than to HPAI H5N1 vi-
ruses.
DISCUSSION
Chicken and duck myotubes are highly susceptible to avian in-
fluenza virus infection and subsequent cellular damage. Not
much is known about the role of skeletal muscle in the pathogen-
esis of influenza virus infection in poultry. It is particularly impor-
tant to evaluate the permissiveness of duck skeletal muscle to pro-
ductive influenza virus infection since such an avian species is
highly resistant to the development of clinical disease, making
duck muscle (meat) a potential source of human public health
threats and a mode for disease spread between birds in the wild.
We found that chicken and duck myotubes were highly suscepti-
ble to LPAIH2N3 virus infection, even at a relative lowMOI of 0.1
FIG 3 Avian influenza virus-infected chicken and duckmyotubes show comparable progeny virus outputs and similar reductions in cell viability. (A) One LPAI
H2N3 and two HPAI H5N1 viruses at a MOI of 1.0 conferred higher levels of accumulation of M gene RNA in duck than in chicken myotubes (*, P 0.05; **,
P 0.005 [determined by anunpaired t test]); however, comparable increasing outputs of progenyH5N1 tyTy05 viruswere detected for both avian species, based
on TCID50 virus assays using infected supernatants onMDCK cells (*, P 0.05 [determined by a two-sample t test]). (B) Chicken and duck myotubes infected
at a MOI of 1.0 for 24 h displayed a significant reduction in cell viability based on MTT assays (**, P 0.005 [determined by an unpaired t test]). There was no
significant difference in reduced viability between infected chicken and infected duck myotubes. Data points are the means of data from four wells of a 96-well
plate, with error bars indicating standard deviations.
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(Fig. 1 and 2). There was progressive accumulation of viral NP in
chicken and duck myotubes, accompanied by levels of intracellu-
lar and extracellular viralM gene RNA that were higher than those
in the corresponding myoblasts and MDCK cells. Viral NP was
extensively detected inside cultured myotubes as early as 6 h p.i.,
which was consistent with the rapid detection and progressive
buildup of HPAI H5N1 virus in skeletal muscles from 6 h after
intranasal inoculation into chickens (24). Both chicken and duck
myotubes infected with H5N1 tyTy05 virus at a MOI of 1.0
showed a progressive increase of progeny virus output from 8 to
24 h of infection (Fig. 3A). Indeed, viable HPAI H5N1 virus had
been isolated from contaminated duck meat exported to South
Korea from China (25). Myotubes but not myoblasts have been
reported to support influenza virus replication by hemadsorption
assays (44). The apparent high rate of viral activity in myotubes
may well be related to the abundance of nuclei in the sarcoplasmic
syncytium, which could readily receive invading viral RNPs
(vRNPs), uncoated from endosomes, to initiate primary tran-
scription and subsequent viral genome replication. It was demon-
strated previously that de novo vRNPs with associatedM1 protein
assembled in the nucleus and transported to the cytosol are not
able to reenter the nucleus, based on an analysis of interspecies
heterokaryons containing nuclei from infected and uninfected
cells (45).
The other distinctive feature of influenza virus-infected myo-
tubes was the dramatic manifestations of cellular damage.
Chicken and duck myotubes infected with LPAI and HPAI H5N1
viruses showed comparable reductions in cell viability (Fig. 3B).
Likewise, LPAI H2N3 virus infection (at a MOI of 1.0 for 24 h) of
chicken and duck myotubes resulted in widespread myotube loss
and degeneration accompanied by the accumulation of micro-
scopic blebs, caspase 3/7 activation, and annexin V binding at the
plasma membrane, all of which were indicators of apoptosis (Fig.
4). However, necrotic changes could not be ruled out due to the
extent of cellular damage. Similar cytopathic changes were seen
with the use of the human H1N1 (A/USSR/77) virus (data not
shown). Skeletal muscle cells are known to highly express endog-
enous caspase inhibitors (46, 47); however, avian influenza viruses
appeared to be able to effectively induce extensive apoptosis. Our
findings are consistent with observationsmade previously byDes-
douits et al. (48), who found that human myotubes are much
more susceptible to infection with pandemic and seasonal influ-
enza H1N1 viruses than are the corresponding myoblasts, result-
ing in cytopathic damage and a greater yield of progeny viruses.
Innate response of chicken and duck myotubes to avian in-
fluenza virus infection. We evaluated the innate responses of
chicken and duckmyotubes to LPAIH2N3 andHPAIH5N1 virus
infection. In themain, chickenmyotubes displayedmore vigorous
proinflammatory responses to LPAI andHPAIH5N1 viruses than
did the corresponding duck cells (Fig. 5A to F). Notably, the
TNF- gene transcript was downregulated in duckmyotubes with
all three viruses; in contrast, chicken myotubes showed an up-
regulation of LITAF, a TNF- like factor. TNF-mediates strong
endothelial activation and clotting activity (49), whichwould con-
tribute to the pathological damage found in HPAI virus-infected
chickens (18). We also found a similarly reduced proinflamma-
tory response to H5N1 tyTy05 virus infection in primary duck
lung cells relative to chicken lung cells (our unpublished data).
The attenuated proinflammatory response in duck cells is not di-
rectly related to reduced virus replication, as H5N1 tyTy05 virus
replicates to high titers in ducks, with detectable viral shedding
from the oropharynx and cloaca (50). It is likely that attenuated
proinflammation is an inherent feature of the response of ducks to
H5N1 tyTy05 virus infection.
Infection of chicken myotubes with LPAI H2N3 virus resulted
in potent induction of IFN- mRNA at 12 h p.i. (	685-fold in-
crease), which correlated with the upregulation of the interferon-
inducible MDA-5, Mx1, 2=,5=-OAS, and PKR genes (Fig. 6A).
MDA-5, an RNA virus sensor, is critical for the mediation of
IFN-production in chicken cells during influenza virus infection
(43). Strikingly, chickenMx1RNA levels reached an almost 5,000-
fold increase at 24 h of infection. It was reported previously that
the antiviral activity of theMx1 protein is dependent on the amino
acid asparagine (Asn) at position 631 and that serine at the same
position (Ser631) rendered the protein with no antiviral activity
(51). However, chicken Mx1 protein (with Asn631) conferred no
apparent antiviral activity against A/WSN/33 H1N1 influenza vi-
rus in chicken embryo fibroblasts derived from three commercial
breeds of chickens (52). In contrast, chickens homozygous for the
Asn631 allele were significantly more resistant to HPAI virus in-
fection (53). The functionality of chicken Mx1 therefore remains
incompletely understood.
Both HPAI H5N1 viruses used in this study did not induce
IFN- and IFN- responses in chicken myotubes as strongly as
those induced by the LPAI virus (Fig. 5C and E and 6B andC). The
HPAI H5N1 50-92 virus has an alanine residue at position 149 in
its NS1 protein similar to the A/goose/Guangdong/1/96 H5N1
virus, where this amino acid makeup was shown to be critical for
FIG4 Influenza virus-infected chicken and duckmyotubes show extensive cytopathic damage. Chicken and duckmyotubeswere infectedwith LPAIH2N3 virus
at aMOI of 1.0 for 24 h. (A and E)Uninfected control chicken and duckmyotubes show extensive expression of themuscle-specific intermediate filament desmin
(brown). (B and F) Cytopathic damage of chicken and duckmyotubes is seen as widespread rounding and detachment of cells (arrows). (C, C=, G, andG=)Whole
chicken and duck myotubes appear to have degenerated into numerous small membrane-lined blebs (apoptotic bodies) (myotube boundaries are delineated).
(D, D=, H, and H=) Commonly, sections of chicken and duck myotubes contained aggregates of apoptotic blebs with concentrated viral NP, as evident by
immunocytochemicalNPdetection.Morphologically intactmyonuclei were found in the sarcoplasmof the duckmyotube (H=, arrows). (I andK) Phase-contrast
microscopy of mock-infected chicken (I) and duck (K) myotube cultures show typical myotubes. (J and L) In contrast, similar myotube detachment and
rounding (arrows) were evident in HPAI H5N1 50-92 virus-infected (MOI of 1.0) chicken (J) and duck (L) myotubes at 24 h p.i. (M to P) Translocation of PS
to the outermembrane was detected (green fluorescence) by annexin V-EGFP binding to chicken and duckmuscle cells (myotubes andmyoblasts) infected with
LPAI H2N3 virus (MOI of 1.0) for 24 h. Infected chicken (M) and duck (N) myotubes were extensively positive for PS translocation; some cells had lost
membrane integrity, as evident by the nuclear uptake of PI (red fluorescence). Myonuclei labeled with PI displayed chromatin condensation and/or fragmen-
tation in chicken and duck myotubes, whose boundaries are outlined (M and N, respectively). A morphologically intact nucleus with condensed and/or
fragmented nuclear contents is highlighted (M, arrows). Chromatin condensation and fragmentation were also seen in chicken (O) and duck (P)myoblasts. (Q)
Chicken and duck myotube cultures infected with LPAI H2N3 virus at a MOI of 1.0 significantly activated the effector caspases 3 and 7 at 24 h and 48 h p.i. (*,
P 0.05; **, P 0.01 [determined by an unpaired t test]) (RLU/s, relative light units per second). (Q=) Results are also represented as fold changes. There was,
however, no significant difference in the activation of caspases 3 and 7 between the two avian species. Data points are the means of data from three wells from a
96-well plate, with error bars indicating standard deviations.
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FIG 5 Chicken myotubes display a more vigorous cytokine response to avian influenza virus infection than do duck myotubes. (A and B) Chicken myotubes
infectedwith a LPAIH2N3 virus showed a strong induction of IFN- (40-fold induction) and amoderate induction of proinflammatory cytokines (LITAF, IL-6,
and IL-8) (A); the corresponding duckmuscle cells showedweaker induction, with progressive downregulation of the TNF- response (B). (C and E)WithHPAI
H5N1 50-92 (C) orHPAIH5N1 tyTy05 (E) virus, the level of IFN-mRNA inductionwas not
10-fold, while IL-8mRNAwasmore strongly induced in chicken
than in duck muscle cells. (D and F) In duck cells, TNF- gene transcription was downregulated by both HPAI H5N1 viruses, unlike LITAF gene induction in
the corresponding chicken cells (C and E). Duck IFN-mRNA induction was greater with HPAI H5N1 tyTy05 virus (F) than with HPAI H5N1 50-92 virus (D).
(G) Duckmyotubes infected with LPAI H2N3 andHPAI H5N1 50-92 viruses showedmodest upregulation of the viral RNA sensor RIG-I, but with HPAI H5N1
tyTy05 virus, RIG-I expression was downregulated. mRNA levels were normalized to the 18S rRNA gene and are expressed as fold changes in relation to
uninfected controls at each p.i. time point. The fold change for each gene is the mean of data from three biological replicates, with error bars indicating standard
deviations. A significant increase or decrease inmRNA levels between 6 h p.i. and later times of infection was determined by a two-sample unpaired t test (*, P
0.05; **, P 0.01).
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antagonizing type I IFN production in chicken embryo fibroblasts
(54). Furthermore, an alanine residue at position 144 in the NS1
protein of the A/chicken/Yamaguchi/7/04 H5N1 virus was also
shown to be required to counteract the type I IFN response in
chicken HD-11 macrophages and chicken DF-1 fibroblasts (43,
55). Interestingly, the NS1 protein of HPAI H5N1 tyTy05 virus
carries an alanine residue at position 144, and it was previously
found that infection of embryonated chicken eggs with this virus
did not elicit type I IFN protein production at 24 h p.i. (55). Both
HPAI H5N1 viruses downregulated theMDA-5 and PKR genes at
24 h p.i. and weakly induced Mx1 and 2=,5=-OAS gene expression
relative to that induced by LPAI H2N3 virus (Fig. 6B and C). Our
findings reinforce the notion that HPAI H5N1 viruses are more
able to inhibit type I IFN responses in certain cell types, including
avian myotubes, than are LPAI viruses (55, 56).
The finding that chicken skeletal muscle cells were able to
mount a vigorous antiviral response to LPAI virus infection but
failed to respond in a similar manner following HPAI H5N1 virus
infection indicates that HPAI H5N1 viruses (probably through
the inhibition ofMDA-5 viaNS1mediation) are able to effectively
suppress a major innate antiviral mechanism present in chicken
skeletal muscle cells. Considering that IFN- has been suggested
to have a protective role during influenza virus infection that can-
not be compensated for by IFN- (57), limited IFN- production
during H5N1 virus infection would largely reduce the antiviral
capacity in chicken muscle. The impaired antiviral response elic-
ited by HPAI H5N1 viruses in vitro is consistent with the in vivo
finding of high levels of HPAI H5N1 virus in skeletal muscle of
infected chickens (23–25). High levels of infectious virus and viral
MgeneRNAhave also been reported for skeletalmuscle of turkeys
infected experimentally with HPAI H7N1 virus (58). The more
limited annotated sequence data for the duck genome meant that
we were not able to investigate the antiviral response of duck cells
to the same extent as for chicken cells. Nonetheless, we demon-
strated that infected duckmyotubes showed amuch reduced pro-
inflammatory response to LPAI and HPAI H5N1 virus infection
relative to that of chicken cells. In duck myotubes, RIG-I, a viral
RNA sensor of influenza virus induced by type I IFN (59), was
modestly upregulated by LPAIH2N3 andHPAIH5N150-92 virus
infection but downregulated byHPAIH5N1 tyTy05 virus, a strain
that is lethal to young ducks (10) (Fig. 5G). Our observed pattern
of RIG-I induction is consistent with the role of RIG-I, thought to
be absent in chickens, in mediating a crucial antiviral IFN- re-
sponse in ducks (35). However, given that chicken and duckmyo-
FIG6 LPAIH2N3 virus induces amore vigorous antiviral response than doHPAIH5N1 viruses in chickenmyotubes. (A) Chickenmyotubes infectedwith LPAI
H2N3 virus at a MOI of 1.0 induced a strong upregulation of IFN-, which correlated with the upregulation of the viral RNA sensor MDA-5 as well as the
IFN-inducible Mx1, 2=,5=-OAS, and PKR genes. (B and C) However, with HPAI H5N1 50-92 (B) and HPAI H5N1 tyTy05 (C) viruses, both at a MOI of 1.0, the
level of IFN-mRNA induction was20-fold, considerably lower than that for the corresponding LPAI H2N3 virus infection (A). In contrast to LPAI H2N3
virus infection (A),HPAIH5N150-92 (B) andHPAIH5N1 tyTy05 (C) viruses at 24 hp.i. downregulated the expression of theMDA-5 andPKRgenes and elicited
muchweaker induction ofMx1 and 2=,5=-OAS gene expression.mRNA levels were normalized to the 18S rRNA gene and are expressed as fold changes in relation
to uninfected controls at each p.i. time point. The fold change for each gene is themeanof data from three biological replicates, with error bars indicating standard
deviations. A significant increase or decrease in mRNA levels between 6 h p.i. and later times of infection was calculated by a two-sample unpaired t test (*, P
0.05; **, P 0.01).
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tubes were comparably susceptible to infection with LPAI and
HPAI H5N1 viruses, the expression of RIG-I alone in duck myo-
tubes appeared to be insufficient to resist virus replication.
In summary, our results highlight the possibility that in chick-
ens and ducks, following systemic spread of certain HPAI H5N1
virus strains, skeletal muscle may serve as a major amplification
site for virus replication. The ability of avian skeletal muscle cells
to generate cytokines, which are released directly into the blood-
stream, could conceivably contribute to the pathogenesis of the
disease. The presence of live HPAI H5N1 virus in skeletal muscle
of chickens and ducks poses a significant risk of infection for hu-
mans who handle sick or dead poultry. Contaminated poultry
meat/products fed to other birds ormammals without prior cook-
ing can also aid in the spread of HPAI H5N1 viruses.
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